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Intensive studies of isovector spin-dependent excitation modes in nuclei have been performed using such reactions as (p, -;) or (p, p'). In particular, polarization transfer measurements have been done to extract information on spin-dependent response functions in nuclei. 1 ), 2) Up to now a certain amount of knowledge on isovector spin-dependent excitations has thus accumulated, while that for isoscalar ones is still scarce. This is partly due to the lack of efficient probes for the latter mode, and may also be due to weakness of the effective interaction in the isoscalar spin-dependent channel, although a possibility still remains to develop collective nuclear states. 3 ) Recently a first attempt was made at Saturne 4 ) to measure polarization transfer coefficients in inelastic deuteron scattering, and to search for a combination of spin observables which would give a clear signature for isoscalar spin-dependent excitations. The discussion there has been restricted to the spin-transfer of the projectile (deuteron), and therefore no clear statement on target structure could be made without the previous knowledge obtained from other probes.
The purpose of the present paper is to consider a relationship between the polarization observables' in intermediate-energy deuteron soattering and nuclear response functions, within the plane-wave impluse approximation (PWIA), assuming a simple model for the deuteron-nucleon t-matrix. Within this approximation it is shown that a number of simple relations can be obtained among spin observables. It is known that even for a nucleon projectile distortion effect on the polarizationtransfer coefficients is important. 5 ) Nevertheless the present study is expected to give a suggestion on the possible use of polarized deuterons in detecting spin-dependent excitations, especially those not accessible with other probe~.
. First let us define the way to describe the deuteron spin. For spin one particle there are nine independent operators acting in the spin space, four of which can be taken as the unit operator j and the deuteron spin operators 51', (,u=O, ±1) (or Sj, (j =x, y, z)). The remaining five operators may be chosen to be the second-rank tensor operators TI'=[S0Shl', ({1=O, ±1, ±2). To facilitate calculations of the polarization observables it is convenient to introduce a set of three-row basis vectors defined by (1) and their cartesian components Xj, (j=x, y, z) . In terms of these vectors one can construct nine 3 x 3 matrices as diadics (2) which satisfy such relations as etc., where tjkl denotes the antisymmetric tensor. (Summation over repeated indices is implied.)
The scattering matrix for the deuteron-nucleus inelastic scattering is given by (3) where lJf denotes the target wave function while if; and X the orbital and spin parts of the deuteron. The 3 x 3 matrix M in the projectile spin space can be expanded in terms of the nine independent matrices Iik as (4) Spin observables for polarized deuteron scattering are defined by6) (5) where (6) The r.h.s of (5) can easily be expressed in terms of the coefficients Mjk, e.g., as etc., where M denotes the matrix {Mjk}. Notice that here the same coordinate axis for both the initial and final channels is employed, since transformation to another coordinate system is straightforward. Now consider a partial cross section characterized by a definite transferred value of a spin projection, say, Sy. (The direction of the coordinate axis is still arbitrary.) Let us first define a projection operator IIp to a fixed value fL of Sy as
Then normalized cross section for the transition from Sy=fl to Sy=)) (fl, ))=0, ±1) is given by (8) which can be expressed in terms of the spin observables A y , P 1p.-vl=m (9) This becomes just equal to LlS defined in Ref. 4) and was used as a signature to indicate spin-dependent excitation modes. The statement should be taken with some reservations, however, because
i) The quantity (9) signals only the transfer of the spin projection to some coordinate axis and does not necessarily correspond to that of the spin magnitude. ii) The quantity concerns the spin of the projectile and not that of the target.
Spin-flip of the projectile may occur without causing one in the target (e.g., due to the spin-orbit distortion effect).
The first problem maybe overcome by defining a partial cross section (JLJ with a given transferred value Ll of the spin magnitude. Let us define the amplitude (10) from which partial spin-transfer cross sections are defined as In order to select out spin-flip excitations in the target, one has to specify the reaction mechanism. A most popular theoretical framework for intermediate energy nucleon-nucleus scattering is the impulse approximation.
)
Here one starts with free nucleon-nucleon t-matrix and then constructs a nucleon-nucleus t-matrix by folding over the target nucleons. For a deuteron projectile some care should be taken because of the effects such as virtual breakup, which is known to be important at least at low energies.
B )
For simplicity and clarity, however, the present discussion is restricted to within PWIA. For a serious analysis of experimental data it would be necessary to estimate the effect of distortion as well as other effects such as two-step processes.
The deuteron-nucleon scattering plane is determined by the initial and final eM momenta, k i and k f . Two of the coordinate axes are taken in the direction of the momentum transfer q= k i -k f and that perpendicular to the scattering plane, n= k i X k f . The third vector p is taken in the direction n X q which becomes parallel to p' -==(1/2)(ki + k f ) for on-shell scattering. A general form 9 ) for the deuteron-nucleon t-matrix can be obtained by constructing tensor operators (up to the third rank) in each of the spin and momentum spaces and coupling them to give a scalar which is even under parity and time-reversal operations. One thus obtains eighteen different scalars, six of which vanish on the energy shell. The remaining twelve terms can be arranged so that the t-matrix has the form T=a+ /3Sn+ y6n+ OSn6n+ 6Sq6 q + I;Sp6p (14) where (15) and the hat -denotes a unit vector. On-shell values of the parameters a, /3, ... should in principle be determined from deuteron-nucleon scattering data at each energy. Because the relevant polarization data are still not sufficient, however, one has to assume a model to fix the parameters in the t-matrix.
Let us take here a model in which the deuteron-nucleon t-matrix is given by a simple folding of the nucleon-nucleon t-matrix (16) where i( =1,2) denotes a nucleon within the deuteron and j the target nucleon. The parameters A, B, ... are of the form A=Ao+AlTiTj, etc., under isospin symmetry. Neglecting internal nucleon motion within the deuteron, one obtains the parameters in Eq. (14) as a=2Ao, /3= y=2Co, o=2Bo, 6=2Eo, 1;=2Fo, (17) while all other parameters vanish. Within this model there appear no tensor (Tp.) terms which are of a second order in S. As a consequence both the partial cross sections 62 and iJ2 in Eqs. (11) and (9) vanish.
Once the form of the t-matrix is specified, the coefficients Mij in Eq. (4) can be expressed in terms of the t-matrix parameters and the target matrix elements. In the plane-wave approximation, in particular, one can obtain a simple relationship between the spin observables and nuclear response functions. In the following discussion mainly the observables in the ii direction (hereafter called the y-axis) will . be considered. Within the simple folding model as mentioned above, all the spin observables in the y-direction are expressed in terms of A y , Ayy and K/. Thus, for instance, one obtains a relation (18) . among spin observables. The partial spin-transfer cross sections (12) can also be obtained as (19) which should be compared with 60= ( when there are no tensor terms in the deuteron-nucleon t-matrix, and within the plane wave approximation. An inclusion of the tensor terms in the t-matrix would modify the relations obtained here. It is also interesting to consider a new target excitation mode with two units of spin-transfer, through terms in the deuteron-nucleus second order t-matrix. This will be studied in a separate paper, together with a fuller treatment of the deuteron-nucleon t-matrix.
